In intensity-modulated radiation therapy (IMRT) and stereotactic irradiation using a linear accelerator, radiation is administered intermittently and one treatment session often requires 30 min or a longer time. The purpose of the present study was to investigate the effect of fractionation and dose per fraction on cell killing by irradiation in intermittent exposure. Murine EMT6 and SCCVII cells were used. The cells were irradiated to a total dose of 8 Gy in 2, 5, 10, 20 and 40 fractions over 15, 30 and 46 min. The cells were also given 8 Gy in a single fraction over 15, 30 and 46 min using lower dose rates (continuous prolonged radiation groups). As compared with the control group receiving a single dose of 8 Gy at 1.55 Gy/min, the cell surviving fraction generally increased in groups receiving fractionated or continuous prolonged radiation. There was a general trend for cell survival to increase with the fraction number up to 20 or 40 fractions in both cell lines. The effects of IMRT and linear accelerator radiosurgery given over 15 min or longer may be less than those of 1-or 2-fraction irradiation. There was a trend for radiation effect to decrease with fraction number.
INTRODUCTION
Intensity-modulated radiotherapy (IMRT) and stereotactic irradiation have become common as a new radiotherapy technique for treatment of malignancies. [1] [2] [3] [4] [5] Both modalities generally use multiple arc or fixed-portal radiation beams, and radiation beams are exposed intermittently. These techniques often require 30 min or a longer time in one treatment session for precise positioning of patients. Several studies suggested that the effect of IMRT and stereotactic radiosurgery that require considerably long beam interruption may be less than that of continuous irradiation with the same dose owing to the recovery from sublethal damage (SLDR) in tumor cells. [6] [7] [8] [9] To our knowledge, however, no systematic research has been carried out regarding the influence of fractionation schedules and dose per fraction in a fixed total time of radiation on cell killing. In this study, we investigated the effects of fraction number, fractional dose, and dose rate in intermittent radiation exposure in cultured tumor cells.
MATERIALS AND METHODS

Cell line
Exponentially growing murine EMT6 and SCCVII cells, with a doubling time of 11 and 15 h, respectively, 10) were used. These two cell lines had been used in our preceding study investigating the effect of intermittent radiation exposure. 6 ) Both cells were subcultured on the day before experiment. Characteristics of these cell lines have been described previously. [11] [12] [13] On dose-survival curves determined by a colony assay under aerobic conditions, EMT6 cells had an α / β ratio of 3.3 Gy and SCCVII had an α / β ratio of 1.7 Gy (Y. Shibamoto, unpublished data). Both cells were cultured in Eagle's minimum essential containing 12.5% fetal bovine serum; this medium was used throughout the experiments.
Irradiation and fractionation schedule
Irradiation was carried out using a 210-kVp X-ray machine with Al and Cu filters (Chubu Medical Co., Matsusaka, Japan). The fractionation schedule used in this study is summarized in Fig. 1 . The cells were irradiated to a total dose of 8 Gy in 2, 5, 10, 20 and 40 fractions over 15, 30 and 46 min at a dose rate of 1.55 Gy/min. Exactly delivering the fractional dose of 0.2 and 0.4 Gy was difficult, and to deliver 8 Gy in 40 fractions, for example, the cells were irradiated for 9 sec 26 times and for 10 sec 14 times, with the total dose being 8 Gy. The cells were also given 8 Gy in a single fraction for 5.3 min (control group) and over 15, 30 and 46 min using lower dose rates of 0.17 to 0.53 Gy/min (continuous prolonged radiation groups). The total doses of all groups were confirmed to be between 7.98 and 8.02 Gy by measuring the dose using a RAMTEC 1000 dosimeter (Toyo Medic, Tokyo, Japan).
Assay
After trypsinization, 1500 EMT6 or 3000 SCCVII cells were plated onto 5-cm diameter plastic culture dishes (FAL-CON 353004, Becton Dickinson Labware, Franklin Lakes, NJ, USA) in triplicate, and irradiation was started within 1 h. In experiments using 30-and 46-min radiation times, culture dishes were sealed during irradiation to prevent the increase in pH of the medium. Experiments were repeated 4 times in EMT6 cells and 5 times in SCCVII. Since the whole irradiation procedures took several hours, irradiation was given in the order shown in Fig. 1 (from top to bottom) in the first, third and fifth experiments, but was given in the reverse order (from bottom to top) in the second and fourth experiments. These procedures were performed at room temperature (22-25 ° C). The cell survival did not differ significantly between the groups irradiated immediately after trypsinization and those irradiated 6 h later in both cell lines (Shibamoto et al . unpublished data) . Following irradiation, cell survival was determined by the standard colony formation assay. After 7 days, colonies were fixed with 75% ethanol and stained with Giemsa. The control plating efficacy was 82 ± 8 (SD) % for EMT6 and 72 ± 9% for SCCVII. The surviving fraction of the control groups was regarded as 1 and relative surviving fractions were calculated for the other groups in each experiment. Differences in the surviving fraction between the control and other groups were examined by paired t -test.
RESULTS
Figures 2, 3 and 4
show the relative surviving fractions in the fractionated and prolonged continuous radiation groups irradiated over 15, 30 and 46 min, respectively. The surviving fraction of the control groups was 0.021 ± 0.007 (SD) for EMT6 and 0.008 ± 0.004 for SCCVII. In all experiments, the relative surviving fractions significantly increased with fractionation and prolonged radiation as compared with the control groups receiving 8 Gy in 5.3 min. In the experiments using a 15-min radiation time, the mean relative surviving fractions of the fractionated or prolonged irradiation groups were 1.27-1.40 in EMT6 and 1.28-1.54 in SCCVII. They were 1.53-1.71 in EMT6 and 1.79-2.58 in SCCVII in the 30-min experiments, and 1.53-2.25 in EMT6 and 1.63-2.97 in SCCVII in the 46-min experiments. The p -values by paired t -test for the differences in relative survival between pairs of groups in each experiment are summarized in Tables  1, 2 and 3. In the experiments using a 15-min radiation time, the differences in relative survival among the fractionated and prolonged radiation groups were not evident. Only the prolonged continuous radiation group tended to have a lower relative surviving fraction than the 5-fraction group in EMT6 cells ( p = 0.07), and there were no differences between any pair of fractionated or prolonged continuous radiation groups.
In the 30-min experiments, the 20-fraction group had lower relative survival than the 10-fraction group in EMT6 cells. In SCCVII cells, the 2-fraction group had lower relative survival than the 5-and 20-fraction groups, and the 10-fraction group had lower survival than the 20-and 40-fraction groups. The prolonged continuous radiation group had lower survival than the 20-and 40-fraction groups. There were no statistical differences between other pairs of groups.
In the 46-min experiments in EMT6 cells, the 2-fraction group had lower survival than the 5-, 10-, and 20-fraction groups, and the prolonged continuous radiation group had lower survival than the 20-fraction group. In SCCVII cells, the 2-fraction group had lower survival than the 5-, 10-, 20-and 40-fraction groups. The 5-fraction group had lower survival than the 20-and 40-fraction groups, and the prolonged continuous radiation group had lower survival than the 20-and 40-fraction groups. There were no statistical differences between other pairs of groups.
DISCUSSION
In our previous study, we found that SLDR occurred within a few minutes of radiation interruption in the same cell lines.
6) The present study confirmed that SLDR could occur Table 2 . P -values for the differences in the surviving fraction in the 30-min experiments even during a total radiation time of 15 min, and the extent of SLDR increased with elongation of total radiation time.
Following the preceding study, we investigated the effect of fraction number, fractional dose, and dose rate in the present study by fixing the total radiation time. This experimental design was to simulate situations in radiosurgery and IMRT. For example, 5 to 20 fractions of relatively large doses are generally given with several-minute intervals in linear accelerator radiosurgery, and in IMRT, targets receive very small doses numerous times with very short and relatively long intervals. One of the purposes of this study was to evaluate which type of irradiation is more effective in killing tumor cells.
Regarding the effect of fractionation, no significant differences could be detected among various fractionation and prolonged continuous radiation groups when the total radiation time was 15 min. With elongation of total radiation time, however, some differences became apparent. Generally, 2-fraction schedules tended to be more effective than schedules with more fractions. We have no clear explanations for the mechanism of this phenomenon, but this suggests that SLDR occurs to a considerable extent within a few minutes of radiation interruption in EMT6 and SCCVII cells. Brenner et al. 14) analyzed the half times of SLDR using many cell lines, which ranged from a few minutes to several hours. Wang et al . 15) showed that DNA double strand breaks were repaired considerably within 15 min after irradiation. Our results on cell survival would agree with these findings.
Since the prolonged continuous radiation using dose rates of 0.17 to 0.53 Gy/min was less effective in cell killing than the continuous irradiation given at 1.55 Gy/min, the doserate effect certainly existed in this range, suggesting that SLDR occurs during low-dose rate irradiation. This agrees with the data in old literature. 16, 17) However, the prolonged continuous radiation was more effective than 20-or 40-fraction radiation delivered during identical times. SLDR may be more efficient when many poses were given between small doses of radiation than when irradiation was given continuously at low dose rates. The relevance of this phenomenon to clinical situations is not clear, but such phenomena should deserve clinicians' attention.
Joiner et al . 18) reported the phenomenon of low-dose hypersensitivity. They investigated the radiation dose-survival curves of mammalian cell lines at low radiation doses, and found that the dose-response curves were not simply downward-bending but multiphasic at very low doses. There were more sensitive phases at low-dose ranges below 0.4 Gy. In the present study, there was a trend that 40 fractions of 0.2 Gy delivered over 46 min was more effective than 20 fractions of 0.4 Gy given over the same time in both EMT6 and SCCVII cells, but the differences were not significant ( p = 0.12 and 0.14, respectively). Therefore, the low-dose hypersensitivity was not clearly demonstrated in the present fractionation experiments.
In summary, the effects of linear accelerator radiosurgery and IMRT given over 15 min or longer may be less than those of 1-or 2-fraction irradiation. In treatment that requires 5 or more fractions, dose modification may be necessary based on biologically estimated dose-modifying factors. However, this is an in vitro study, and in vivo investigation on the effect of fractionation and dose rate are encouraged.
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